Using femtosecond transient absorption spectroscopy we demonstrate that lead chalcogenide nanocrystals show efficient, photoinduced absorption (PA) in a broad wavelength range starting just below the bandgap. The time-dependent decay of the PA signal correlates well with the recovery of the band gap absorption. Therefore, the same carriers are involved, which decay with the typical Auger recombination rate in these nanocrystals. Based on this, we assign this PA signal to intraband absorption, i.e., the excitation of photogenerated carriers from the bottom of the conduction band or the top of the valence band to higher energy levels in the conduction and valence band continuum. This broadband response in the commercially interesting near to mid-infrared range is very relevant for ultra-high speed all optical signal processing.
INTRODUCTION
The tunability and ease of processing of colloidal quantum dots (CQDs) offer many opportunities for the development of novel opto-electronic devices, such as lasers, electro-optic modulators and high-speed detectors [1, 2] . The design of efficient and competitive materials for the photonics industry based on CQDs requires a precise understanding of the electronic states involved in light-matter interaction and the decay dynamics of photogenerated carriers. In the case of CQDs with their first exciton absorption in the near infrared (800 -2000 nm), most studies have focused in this respect on interband transitions and intraband relaxation [3, 4, 5, 6] . However, a number of literature studies indicate that additional electronic transitions are relevant in excited CQDs.
Rationale
Intraband absorption between 1S and 1P state has been studied extensively for both CdSe [7, 8, 9] , PbSe [6, 10] and PbS [11] . This allowed transition is therefore well understood, with excellent agreement between theory and experiment. In the case of CdSe QDs, Malko et al. [12] reported photoinduced absorption (PA) at wavelengths directly below the band gap, which they attributed to absorption from excited trap states at the CQD surface.
Outline
In this paper we report on strong, photo-induced absorption (PA) in lead chalcogenide CQDs in a broad wavelength range between 1400 and 2000 nm (0.5 eV to 0.85 eV) starting directly below the bandgap. Using femtosecond transient absorption (TA) spectroscopy, we find that the decay of the PA matches the recovery of the band gap absorption. Therefore, we interpret the PA in terms of transitions of excited electrons and holes from the lowest conduction (LUMO) and the highest valence band state (HOMO) to the conduction and valence band continuum, respectively. This broad intraband absorption is a characteristic of several Pb chalcogenide CQDs, such as PbS, PbSe and PbSe/CdSe. Moreover, extending over the wavelength range 1400 and 2000 nm (0.5 to 0.89 eV), the observation of photoinduced absorption in lead chalcogenide CQDs is highly relevant to the design of CQD-based materials for telecom applications, which operate in this wavelength range. Finally, in bulk semiconductors high energy intraband transitions are forbidden, because of momentum conservation. In the case of a particle in an infinite spherical potential well, only transitions with orbital angular momentum are allowed. By proving that the observed PA corresponds to intraband absorption, comparable in strength to the bandgap transition, our results are a direct manifestation of quantum confinement effects on semiconductor materials and therefore appealing from a theoretical viewpoint. Figure 1 shows the change in absorption of PbSe core ( ) and PbSe/CdSe core/shell ( core, shell) following excitation with a 50 fs laser pulse ( 790 nm). This resulting excited state cools down rapidly, where the electron and the hole relax to the LUMO and HOMO, respectively [13] . A buildup of carriers at the band gap reduces the band gap absorption (absorption bleach, AB), as can be seen in Fig. 1 . Here, a bleach is indicated by a positive value for , where is the steady state absorbance and is the absorbance after the pump pulse. However, below the bandgap, from 1700 nm up to 2000 nm, a negative signal, indicating photoinduced absorption (PA) for both materials.
RESULTS

Figure 1: (a) Steady state (red line, right axis) and differential transient absorption spectrum (black dots, left axis) of PbSe CQDs (left graph) and PbSe/CdSe (right graph) 5 ps after the pump pulse shows absorption bleach (AB) of the band gap absorption ( and wavelength-independent photoinduced absorption (PA, ) below the band gap;(b) Differential absorption as a function of average number of excitons 5ps after the pump pulse (red) and 500 ps after the pump pulse (blue) at 1700 nm (triangles), 1850 nm (squares) and 2000 nm (circles) for PbSe QDs; (c) Graphical representation of the fast dynamics observed in the PA probe signal after the pump pulse.
To gain insight into the nature and strength of the PA, we performed both power and wavelength dependent measurements. At high fluences, when more than one exciton is created per QD, the initial exciton relaxation is governed by Auger recombination [14] . After 500 ps all multiexcitons have recombined, leaving a population of singly excited QDs. The normalized differential absorption after 500 ps therefore becomes, assuming a Poissonian distribution of carriers:
(1)
Here we have expressed the pump power as the average number of excitons that are created per QD by the pump pulse. is the degeneracy of the LUMO and the HOMO. The factor two accounts for both electrons and holes, since the differential absorption is proportional to the sum of all involved carriers.
The power dependence of the PA for short and long times after the pump pulse is given in Fig. 1a for PbSe. A similar behaviour is observed for PbSe/CdSe. At short delay times (red curves), the PA follows a linear trend within the given power range. At long times, we observe a Poissonian trend, which fits well to Eq. (1).
Based on these traces, we quantify the strength of the PA transition as the absorbance per exciton . This is the maximum PA after long delay, obtained from fitting Eq. (1) to the blue curves in Fig. 1a (see Table 1 ). Compared to the band gap bleach per exciton for PbSe ( ), this transition is about 20 times less strong. The PA per exciton in PbSe/CdSe is about 10 times weaker than the ( . To compare both materials, the absorption coefficient [15] for the PA is also given in Table 1 . It is lower for PbSe/CdSe QDs than for PbSe QDs. Given the increasing local field factor in core/shell CQDs compared to core only QDs [16] , this translates in a lower oscillator strength for PbSe/CdSe QDs. Figure 2 shows that the transient absorption for PbSe at the band gap maximum (red trace) and below the band gap (black traces, inverted for clarity) follow a very similar time dependence after 10 ps delay for three different values of the pump power. Fitting a sum of three exponentials to the absorption transients (see Supporting Information about the fitting procedure) yields a biexciton lifetime of 82 ps, a triexciton lifetime of 32 ps and a quadrexciton lifetime of 13 ps for the PbSe CQDs at the bandgap. The PA transients however show different dynamics at early delay times. The onset is much steeper, especially for the highest pump power, and even for low pump powers, an initial decay is present, which is not observed in the differential absorption transients around the bandgap. The fitting procedure yields a lifetime of 1.2 ps for this initial decay. For PbSe/CdSe QDs, which show a similar dynamics, we extract a biexciton lifetime of 84 ps and a triexciton lifetime of 16 ps. For the PA transients we extract an initial decay time of 1.3 ps.
Figure 2: (a) Absorption transients for the differential absorption at the band gap (1450 nm, red) and below the band gap (1850 nm, black, inverted for clarity) for PbSe QDs show similar decay dynamics after 10 ps for three different values of the pump power; An initial faster decay is present in the PA transients for all three pump powers shown; (b) Absorption transients for very small PbS CQDs (2.45 nm) for which the pump is resonant with the band gap transition (780 nm) show PA ( , yet no fast initial decay component.
DISCUSSION
The wavelength-independent PA we observe in these near-infrared CQDs can have different origins, such as (1) Coulomb shifts in the multiexcitonic absorption spectrum, (2) absorption from surface-localized states or defects, or (3) intraband absorption. Coulomb shifts can be excluded, since the PA is observed up to 2000 nm, well below the band gap. Moreover, a spectral dependency similar to the band gap absorption would be observed in the case of Coulomb shifts. Malko et al. [12] reported on PA in transient absorption transients on colloidal CdSe QDs. An extensive study with different sizes and surface compositions revealed a strong dependence on solvent and surface passivation, along with a low size dependence of the PA cross section. Given the high PA cross section, they therefore attribute it to transitions from dangling surface bonds to excited states in the capping or surrounding matrix, rather than intraband absorption. Here, we work with a considerably lower photon energy (0.5 to 0.8 eV vs. 2.0 to 2.5 eV), making a transition to a final state in the surrounding matrix improbable. Moreover, the PA we observe at long delay times saturates with increasing pump power, similar to the bleach of the band gap absorption. This shows that the initial state of the PA is the band gap exciton. That QD core states are involved, instead of surface states, is further confirmed by the Auger dynamics of the PA signal. We therefore conclude that the PA observed here finds its origin in intraband absorption.
Intraband absorption is forbidden in first order for bulk semiconductors. In quantum dots, however, the conservation of crystal momentum is relaxed, resulting in a non-zero probability for intraband absorption. The excited carriers at the LUMO and HOMO are the initial state for the intraband absorption. For long delay times, we therefore expect the same pump power dependence for band gap AB as for the sub gap PA, since the same carriers are involved. Moreover, we expect to observe the dynamics of Auger recombination of multiexcitons, since this dictates the rate at which carriers disappear from the LUMO and the HOMO. Both effects we have shown experimentally (see Fig. 1a ). At short delay times however the decay dynamics are not completely similar. A faster picosecond component is visible in the PA transients, together with a more immediate rise of the PA signal. The pump power dependence at short delay also becomes linear in the given power range. We attribute the quick rise time to instantaneous PA from higher energy excited states (see Fig. 2a ). The fast initial decay can be attributed to carriers cooling from higher energy states to the LUMO and the HOMO (see Fig. 2b ). This is confirmed by the PA transients of small PbS CQDs (see Fig. 2b ), where the pump is resonant with the band gap and where no initial decay is observed. The time scale we measure correlates well with other reports in literature for carrier cooling [4, 17, 5] . Moreover, the higher degeneracy of the initial excited state explains the linear power dependence we observe at short delay times (see Fig. 1a ).
CONCLUSIONS
In conclusion we have shown that intraband absorption in the telecom wavelength range is universal to quantum confined lead chalcogenide QDs. The absorption is between 10 and 20 times weaker than the band gap absorption bleach. The intraband absorption is broadband and constant over a large wavelength range. This range can be easily tuned by changing the QD size. The intraband absorption has ultrafast dynamics in the one to tens of picoseconds range, governed by carrier cooling and Auger recombination. Our work is essential to understand the response of CQDs as gain media and ultrafast nonlinear media for photonic applications. Moreover, our measurements are a clear manifestation that the selection rules for the bulk crystal momentum and for the angular momentum in spherically confined structures as mentioned above are relaxed in CQDs and are therefore very interesting from a theoretical standpoint. They go beyond intersubband absorption [6, 8, 9, 7, 11] and cover a new wavelength range directly below the band gap. Intraband absorption offers a nice way to study the dynamics of carrier cooling [4, 3, 5] in a direct way, free from possible Coulomb shifts or redistribution over dark and bright band gap states, which cloud typical TA measurements at the band gap.
